Abstract: Reported herein are the hydrogen atom transfer (HAT) reactions of two closely related dicationic iron tris(R-diimine) complexes. Fe II (H2bip) (iron(II) tris[2,2′-bi-1,4,5,6-tetrahydropyrimidine]diperchlorate) and Fe II (H2bim) (iron(II) tris[2,2′-bi-2-imidazoline]diperchlorate) both transfer H
Introduction
Hydrogen atom transfer (HAT) is one of the most common and fundamental chemical reactions (eq 1). It is a cornerstone of organic free-radical chemistry, from combustion to the action of antioxidants both in vitro and in vivo. 1 HAT can be defined as the concerted movement of a proton and an electron (e -+ H + ≡ H • ) in a single kinetic step where both the proton and the electron originate from the same reactant and travel to the same product. HAT is one type of the broad class of proton-coupled electron-transfer (PCET) reactions, which also includes reactions where the proton and electron are separated. [2] [3] [4] [5] [6] In recent years, it has become clear that HAT involving transition-metal species is very common, occurring in discrete metal complexes, metalloprotein active sites, and, most likely, sites on metal oxide surfaces. [2] [3] [4] 7, 8 Among the many metalloenzymes that utilize HAT reactions are lipoxygenases, 9 ribonucleotide reductases, 3b,7a and methane monooxygenases. 10 A-H + B
For more than 70 years, numerous HAT reactions have been measured and understood using the Bell-Evans-Polanyi equation (eq 2). This equation correlates the activation energy, E a , with the enthalpic driving force of the reaction (∆H) using two parameters (R, ) that are specific to a set of reactions rather than to all HATs. 11, 12 Using this thermochemical perspective (rather than one based on electronic structure), we have found strong analogies between organic and metal-mediated HAT reactions. 13, 14 Under standard conditions, the ∆H for a HAT reaction is simply the difference between the bond dissociation enthalpies (BDEs) of AH and BH (eq 3). The correlation indicated by eqs 2 and 3 is one of the primary historical reasons why chemists are so focused on BDEs (for instance, why tables of BDEs appear in many organic chemistry texts).
Like the Polanyi equation, Marcus Theory correlates activation barriers with driving force, but the Marcus approach uses free energies rather than enthalpies. 17 It was developed for electron-transfer (ET) reactions but has been applied to transfers of protons, hydrides, and other groups. 15 Recently, we have shown that a wide range of HAT rate constants can be understood and predicted using Marcus Theory, specifically the Marcus cross relation (eq 4). 14, 16 The rate constant of HAT from AH to B • (eq 1, k AB ) is related to the equilibrium constant, K AB , as well as the rate constants of the component-degenerate HAT self-exchange reactions (AH + A • f A • + HA; k AA ). The frequency factor, f, is usually close to unity. 17 This treatment has been successfully applied to reactions of C-H, N-H, and O-H bonds, including both metal and organic compounds, although there are exceptions. 14 The difference between the Polanyi correlation with ∆H°and the Marcus treatment with ∆G°has not been of serious concern because HAT reactions are typically assumed to have groundstate entropies of reaction close to zero. 18 When ∆S°≈ 0, ∆G°≈ ∆H°) ∆BDE. Assuming ∆S°≈ 0 seems reasonable because these reactions do not involve a change in the number of molecules or their charge or overall size. For analogous reasons, AH and A • are often assumed to have similar entropies so that ∆S°for bond homolysis (A-H f A • + H • ) is very close to S°(H • ). This is also a key assumption in the increasingly common determination of BDEs from solution pK a and E 1/2 values, as discussed in more detail below. [19] [20] [21] [22] [23] [24] Described here are detailed studies of HAT reactions involving iron complexes (eqs 5 and 6) that have large entropies of reaction, |∆S°| ≈ 30 cal K -1 mol -1 . A preliminary report on eq 5 emphasized its negative activation enthalpy (∆H q ) and its ReV. 1998, 98, 705-762. (b) Pesavento, R. P.; van der Donk, W. A. AdV. Protein Chem. 2001, 58, 317-385. (c) Opin. Struct. Biol. 2004, 14, 648-655. (b) Hatcher, E.; Soudackov, A. V.; Hammes-Schiffer, S. J. Am. Chem. Soc. 2004, 126, 5763-5775. (c) 
quantitative prediction by the Marcus cross relation (eq 4). 16 The large entropy change in reactions 5 and 6 is equivalent to a change in equilibrium constant of 4 × 10 6 (∆lnK eq ) ∆S°/R) and contributes |T∆S°| ) 9 kcal mol -1 to the free energy of reaction at 298 K. In this system, BDEs calculated from pK a and E 1/2 values with the assumption that S°(A • ) ≈ S°(AH) are in error by 9 kcal mol -1 . The success of the Marcus treatment demonstrates that these reactions should be analyzed using free energies rather than enthalpies as in the traditional Polanyi equation (eq 2). Herein, we explore the origin of this large entropy change using both experiment and theory and discuss the implications of the large |∆S°|.
Results
The HAT reactions of two closely related iron(II) tris(Rdiimine) complexes have been studied, [Fe II 14, 16 The reaction is net HAT to the organic radical by the concerted transfer of one proton (from the ligand) and one electron (from oxidation of the iron). In these equations, the two ancillary ligands denoted by N-N are the same as the ligand, L, drawn in full for the respective Fe(II) complexes (H 2 bip or H 2 bim). The iron complexes are of the general form Fe n (H x L), where n is the oxidation state of the iron and where x indicates the protonation state of the ligand.
I. Characterization. The four iron species in eqs 5 and 6 have been previously reported, 25 Figure 1A ). The structure contains a standard pseudo-D 3d tris-(chelate) ion whose NH protons are hydrogen bonded to the perchlorate counterions, similar to all three of the Fe n (H x bim) complexes, Table 2 . The three H 2 bip ligands in Fe III (H 2 bip) have similar diimine bite angles, N-Fe-N ) 81.3 ( 0.2°, but their N-C-C-N torsion angles vary by >10°. The distortion minimizes steric interactions between the chair conformations of the H 2 bip ligands. This is in contrast to the three Fe n (H xbim) complexes, which have essentially planar ligands (N-C-C-N torsion <0.06°).
The 
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The literature preparation of TEMPO-H by dithionite reduction of TEMPO 30 has been improved, and an X-ray structure has been obtained using crystals prepared by sublimation (Tables 2 and S5; Figure 1B ). The hydroxyl hydrogens were located from the difference map and refined. The asymmetric unit contains three TEMPO-H molecules and one water molecule that are hydrogen bonded in a chain. The d(N-O) in TEMPO-H (1.46 ( 0.06 Å) is substantially longer than that in TEMPO (1.283(9) Å) 31 because the radical has a partial N-O π bond.
II. Kinetics and Thermodynamics. A. Fe II (H 2 bip) + TEMPO. The reaction between Fe II (H 2 bip) and TEMPO (eq 5) is close to isoergic in MeCN at 298 K (∆G°) -0.3 ( 0.2 kcal mol -1 ), which allows both the forward (k 5 ) and reverse (k -5 ) rate constants to be measured directly. Kinetics have been measured in both directions by stopped-flow rapid-scanning UV-vis spectrophotometry under pseudo-first-order conditions. In the forward direction with excess TEMPO, the disappearance of Fe II (H 2 bip) (λ max ) 510 nm) and concomitant growth of Fe III (Hbip) (λ max ) 636 nm) was observed ( Figure 2A ). The spectra were fit over the entire wavelength region observed (a 225 nm window) using the OLIS SVD global analysis software; 32 the match at one wavelength is shown in Figure 2B . The data follow a first-order kinetic model for >4 half-lives. The derived pseudo-first-order rate constants vary linearly with [TEMPO] up to 0.16 M (1600 equiv) and are independent of the initial concentration of Fe II (H 2 bip) from 0.10 to 0.28 mM, Figure S1 . These data imply a simple second-order kinetic rate law R ) k 5 The rate constants k 5 and k -5 were measured over the temperature range of 277-328 K. Remarkably, k 5 shows a small but definite decrease as the temperature increases. Eyring analysis gives Figure 3 , blue circles). At 298 K, K 5 ) 1.7 ( 0.3, close to one, but it is highly temperature dependent. van't Hoff analysis yields ∆H°5 ) -9.4 ( 0.6 kcal mol -1 and ∆S°5 ) -30 ( 2 cal mol -1 K -1 . These are unusually large groundstate entropy values for HAT reactions. All errors are reported as (2σ based on fits weighted with the errors propagated from experimental measurements (see Experimental Section).
K 5 was independently measured using static UV-vis experiments. Kinetically equilibrated mixtures of Fe II (H 2 bip) and TEMPO in MeCN were perturbed with aliquots of TEMPO and TEMPO-H ( Figure S3 ). After each perturbation, the optical spectrum was deconvoluted into its component absorbances of Fe III (Hbip), Fe II (H 2 bip), and TEMPO (TEMPO-H has no significant absorbance in this spectral region). The resulting equilibrium constants determined over a range of conditions were then averaged to give a single value (see Experimental Section and Table S1 ). Over a range of temperatures (285-322 K), these static measurements closely match the values obtained from the kinetic data; at 298 K, K 5 (static) ) 1.9 ( 0.3 versus K 5 (kinetic) ) 1.7 ( 0.3. Figure 3 shows this close agreement between static (blue diamonds) and kinetic (blue circles) data. These two independent measures of the equilibrium constant give the same ground-state enthalpy and entropy changes within error, confirming the large ground-state entropy associated with this reaction (Table 3) . B. Fe II (H 2 bim) + TEMPO. Stopped-flow kinetics for the thermodynamically downhill reaction of Fe III (Hbim) + TEMPO-H, the reverse of reaction 6 (k -6 ), have been previously described, 33 including the temperature dependence and activation parameters (Table 3 ). The rate constant for the uphill reaction, k 6 , has been determined by stopped-flow UV-vis spectrophotometry using a second-order approach to equilibrium conditions with a large excess of TEMPO (1000-7000 equiv). Global analyses of the spectra with SPECFIT, 34 over the entire wavelength range collected and using the values of k -6 measured, gave the second-order rate constants, k 6 . The derived second-order rate constants are independent of the concentration of TEMPO up to 0.46 M (7000 equiv), as shown in the Supporting Information, together with typical spectral traces and a kinetic fit (
Eyring plots of rate constants from 288 to 338 K (Figure 4) give the activation parameters in Table 3 .
As in the Fe II (H 2 bip) case described previously in this paper, the equilibrium constant K 6 is given by k 6 /k -6 and is highly temperature dependent; ∆H°6 ) -4.1 ( 0.9 kcal mol -1 , ∆S°6 ) -30 ( 3 cal mol -1 K -1 . These parameters were independently determined using static UV-vis experiments (278-317 K) employing a method similar to that described in the preceding section but accounting for the fact that K 6 favors reactants much more strongly than K 5 . The values agree with those from the kinetic measurements quite well; at 298 K, K 6 (static) ) (3.0 ( 0.5) × 10 -4 versus K 6 (kinetic) ) (2.0 ( 0.3) × 10 -4 . The van't Hoff plots (shown in red at the bottom of Figure 3) show that the static and kinetic data yield the same ground-state enthalpy and entropy values, within error, Table 4 .
C. Further Studies of the Molecularity of the Equilibria. The equilibrium constants K 5 and K 6 are ratios of opposing second-order rate constants, as described earlier in this paper, and are, therefore, unitless (eq 7, H 2 L ) H 2 bip (i ) 5) or H 2 -bim (i ) 6)). 
a Averages and range for the three unique molecules in the unit cell; numbering given for molecule 1. 
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Fitting the Fe III (Hbip) kinetics to the saturation rate law (eq 9, derived for conditions of high [TEMPO-H] where k -8B is negligible) gives values for the pre-equilibrium of K 8A ) 3.1 ( 0.3 M -1 and k 8B ) 59 ( 6 s -1 . Consistent with this analysis, the product K 8A k 8B ()183 ( 20 M -1 s -1 ) is equal within error to the value of k -5 measured at lower [TEMPO-H] , 150 ( 20 M -1 s -1 . For Fe III (Hbim) + TEMPO-H, the pre-equilibrium values are K 8A ) 56.6 ( 1.7 M -1 and k 8B ) 57.4 ( 1.8 s -1 ( Figure S8 ;
It should be emphasized that this saturation is seen only well above the experimental conditions used to determine the unitless K 5 and K 6 , from which the thermochemical data are derived (cf. Figure 3) . The hydrogen-bonded adducts are not present in significant concentrations under typical measurement conditions. As further confirmation, we note that the optical spectrum of Fe III (Hbip) appears to be sensitive to the hydrogen-bonding environment, as the λ max shifts from 636 to 610 nm upon addition of MeOH to 1.17 M ([Fe III (Hbip)] ) 86 µM). This spectral shift is not observed for Fe III (Hbip) at [TEMPO-H] up to ∼0.12 M, although such a shift is observed when [TEMPO-H] g 0.4 M. Solutions of pure Fe III (Hbip) and Fe III -(Hbim) follow Beer's Law over the accessible concentration and wavelength ranges (0.06 -0.8 mM, 400-750 nm), indicating that the iron complexes do not cluster in solution.
As additional confirmation of the unitless nature of the equilibrium constants (eq 7), the static equilibrium mixtures of reactions 5 and 6 have been diluted with MeCN. No variation in the ratio of Fe II (H 2 L)/Fe III (HL) is observed, within error, over a 40% change in volume ( Figure 5 ). The red, dashed line in Figure 5 shows the dependence predicted for a concentrationdependent equilibrium constant, as would be observed, for instance, if K 8A was very large (i.e., if all of the Fe III (HL) was complexed) and if what was measured was K 8B ) k 8B /k -8B . The blue, horizontal line shows the prediction for a unitless equilibrium constant (eq 7).
The equilibrium constant K 5 in acetonitrile is unaffected by the addition of tetrabutylammonium perchlorate ( n Bu 4 NClO 4 ) up to 0.17 M. This represents a change in ionic strength of approximately 3 orders of magnitude (I ) 1.8 × 10 -4 -0.17 M; Figure S9 ). The lack of an ionic strength dependence shows that there is no difference between the ion pairing of the reactants versus that of the products. This further indicates that eqs 5 and 6 are simple opposing bimolecular reactions with unitless equilibrium constants.
D. Solvent Effects. Equilibrium constants have been determined in CH 2 Cl 2 for Fe II (H 2 bip) + TEMPO (eq 5) and in acetone for Fe II (H 2 bim) + TEMPO (eq 6). A wider range of solvents is precluded by the solubility and reactivity of the dicationic iron species. These experiments used the static equilibrium method described previously in this paper for MeCN, yielding K 5CH2Cl2 ) 5.4 ( 0.7 and K 6Me2CO ) (6.7 ( 0.2) × 10 -4 (both at 298 K). There is very little change in the absorption spectra of TEMPO, Fe II (H 2 L), and Fe III (HL) as a function of solvent, 36 and the equilibrium mixtures qualitatively appear very similar to those in MeCN. Quantitatively, K 5CH2Cl2 and K 6Me2CO are each approximately three times larger than the K's in MeCN at 298 K. The temperature dependences of these equilibria give ∆H°and ∆S°values that are within error of those determined in MeCN, as summarized in Table 4 
the van't Hoff plots in Figure 3 (K 5 in CH 2 Cl 2 in green, K 6 in acetone in black). Thus, solvation and hydrogen bonding to solvent cannot fully account for the observed entropy effects in these reactions. The ∆S°varies slightly with solvent but still remains large and negative in all cases. III. Comparison with an Electron-Transfer Reaction. The electron-transfer (ET) reaction between Fe III (H 2 bim) and 1,2,3,4,5-pentamethylferrocene (CpCp*Fe) (eq 10) has been studied in MeCN in order to compare the entropy changes for ET versus HAT. Addition of 0-0.3 equiv of CpCp*Fe to a 2 mM solution of Fe III (H 2 bim) yields Fe II (H 2 bim) and the distinctive [CpCp*Fe] + ion (λ max ) 740 nm, ) 353 M -1 cm -1 ). 37 The conversion is not quantitative, and equilibrium is established between the four species present ( Figure 6A) . The large excess of Fe III (H 2 bim) prevents direct quantification of all but [CpCp*Fe] + by optical spectroscopy; however, based on the starting conditions, the equilibrium constant for the process can be extracted (analogous to the analysis for eq 6) as K 10 (298 K) ) 5.5 ( 0.8 ( Figure S10 ). This is in good agreement with the equilibrium constant of ∼5 predicted from the difference in redox potentials (E 1/2 (Fe III (H 2 bim) 
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equilibrium is temperature dependent, and van't Hoff analysis (285-329 K) yields ∆H°1 0 ) -6.0 ( 0.9 kcal mol -1 and ∆S°1 0 ) -17 ( 3 cal mol -1 K -1 (Figure 6 ). The overall entropy change for this outer-sphere electrontransfer reaction (∆S°1 0 ) can be described in terms of the component half-reaction entropies ∆S°C pCp*Fe and ∆S°F e(H2bim)/ET (eq 11). 40 For CpCp*Fe +/0 , ∆S°C pCp*Fe ) 11.7 ( 0.5 cal mol -1 K -1 (0.1 M n Bu 4 NClO 4 in MeCN), as determined by Noviandri and co-workers using the temperature dependence of the formal potential. 38 This, in combination with our measurement of ∆S°1 0 , yields ∆S°F e(H2bim)/ET ) 29 ( 3 cal mol -1 K -1 (Scheme 1). This is both the same sign and magnitude as the HAT reaction entropies found previously in this paper (note that, by convention, the ET half-reaction is written as a reduction, opposite to the iron redox couples in eqs 5 and 6).
IV. Calculations. Computations have been performed on a version of reaction 6 where two of the iron ligands have been simplified to 1,4-diazabutadiene and where TEMPO-H has been reduced to NH 2 OH (eq 12). The reactants and products were treated as gas-phase hydrogen-bonded adducts. The product has a dicationic Fe III (Hbim) moiety with a spin of 5 / 2 , which is hydrogen-bonded to the zero-charge and -spin HONH 2 molecule. The reactant is a Fe II (H 2 bim) unit with the same 2+ charge and a nominal spin of 2 (high-spin d 6 ), coupled to a neutral, spin 1 / 2 , • ONH 2 radical. Ferromagnetic coupling has been assumed, both for ease of computation and to give a spinallowed reaction, so that the reactant has an overall spin of 5 / 2 . In this model, the reaction is a simple hydrogen transfer, N-H‚‚‚ • O / N • ‚‚‚H-O, with concomitant structural reorganization of the reagents.
Initial calculations using the B3LYP functionals in DFT with a 6-31G* basis set failed to reproduce the observed ground state for Fe III (Hbim). Instead, these predicted a d 6 , S ) 2 Fe II center coupled to an Hbim radical, with spin 1 / 2 on the deprotonated ring. Considering only the active NdC-N H part of the ligand, the calculations show a π-allyl-type radical, NdC-Ṅ : T Ṅ -CdN:. That is, H + was apparently removed from the N σ lone pair, but the e -was removed from the π system. This model calculation gave a predicted entropy decrease of only 5 cal K -1 mol -1 , which was associated mostly with changes in vibrational frequencies.
Ordinarily, DFT results are more reliable than UHF results for transition-metal complexes. In view of the failure of DFT, however, we resorted to a UHF calculation with the same basis set. This gave a wave function in qualitative agreement with the experimental conclusions. The Fe center in the reactant had a Mulliken population of 4.0 net spin-up electrons and a total charge of 1.6, in agreement with the d 6 , S ) 2 Fe II label. The product Fe center was computed to have 4.7 net spin-up electrons and a total charge of 2.1, in fair agreement with a d 5 , S ) 5 / 2 Fe III description. There was a small 0.2 net spin-up on the Hbim group and a change in its net charge of -0.6 electrons. Thus, this model predicts a coupled (e -, H + ) transfer of a proton from the H 2 bim and an electron from the Fe center.
Associated with this oxidation of the Fe, deprotonation of H 2 bim, and reduction of the • ONH 2 , there is a significant change in bond lengths. The Fe-N distance in the ring from which the H is removed shortens by 0.27 Å, and all of the other Fe-N distances shorten by 0.16-0.08 Å. These are in the same direction but somewhat larger than the differences between the solid-state structures of high-spin Fe II (H 2 bim) and high-spin Fe III (Hbim); ∆d(Fe-N) ) 0.17 Å for the deprotonating ring and an average of 0.07 Å for the others (Table 1) . 27 In the active NdC-N H part of H 2 bim, the NdC double bond is calculated to lengthen from 1.28 to 1.37 Å (1.27 to 1.33 Å in the solidstate structures), while the N-C single bond shortens from 1.33 to 1.26 Å when the (e -, H + ) pair is removed (1.34-1.31 Å in the solids). These bond length differences lead to extensive changes in many of the low-frequency vibrational modes.
These changes in bonding lead to a predicted entropy decrease, ∆S°1 2 ) -18.7 cal mol -1 K -1 . The calculation is done with constant spin and mass; therefore, this entropy can only come from rotational and vibrational sources. The calculation shows that the contribution from the change in moment of inertia is small, as would be expected from a reaction in which the primary chemical change is the ∼1 Å movement of a hydrogen atom. Changes in vibrational frequencies account for 18.4 cal mol -1 K -1 of the ∆S°in this system. This is spread over the 30 or so modes with frequencies hV on the order of kT (207 cm -1 at 298 K). These are bending and torsional vibrations, not stretches (which are at much higher frequency), where each mode contributes between 0.5 and 6 cal mol -1 K -1 to the total entropy. Calculated vibrational frequencies and their entropic contributions are given in Tables S2 and S3 . It should be noted that this calculation neglects possible electronic contributions to the entropy, although these are expected to be small. If the reactant pair is antiferromagnetically coupled to give a total spin of S ) 3 / 2 (which would make the overall reaction forming S ) 5 / 2 , high-spin Fe III spin-forbidden), there would be a spin contribution to the entropy of +0.8 cal mol -1 K -1 (T∆S ) 0.2 kcal mol -1 at 298 K). 41 There could also be a small entropy contribution from low-lying electronic states of the high-spin d 6 configuration. 
I. Overview of Hydrogen Atom Transfer Entropies.
A hydrogen atom transfer reaction (eq 13) can be considered as the sum of two half-reactions (e.g., eq 14), analogous to electrontransfer processes. The half-reaction is the definition of the bond dissociation free energy (BDFE) and bond dissociation enthalpy (BDE). The general assumption that the entropies of AH and A • are very similar (eq 15) has the corollary that, for HAT reactions, the overall entropy change should be small, ∆S°1 3 ≈ 0. Equation 15 is an implicit assumption in the widely accepted thermochemical cycles used to derive BDEs from acidity (pK a ) and redox potential (E 1/2 ), as discussed later in this paper. Equation 15 will not be strictly accurate because AH and A • have different moments of inertia and different spin states, but these are, in most cases, small effects. For instance, the (molar) entropy resulting from a change from spin 0 to spin 1 / 2 is Rln(2) or 1.4 cal mol -1 K -1 (T∆S°) 0.42 kcal mol -1 ). Even for organic systems in which free or slightly hindered rotations in AH become essentially frozen in A • , entropy changes still appear to be small. For the prototypical example of toluene versus benzyl radical, ∆S°is only -0.47 cal mol -1 K -1 (Table  5 ). The entropy data that are available for small organic and main-group species in the gas phase provide support for eq 15.
.2 cal mol -1 K -1 for the various molecules in Table 5 . This corresponds to a change in an equilibrium constant of less than a factor of 14, or e1.5 kcal mol -1 in ∆G°at 298 K.
For HAT reactions in solution, the entropy changes are small when the analogous gas-phase reaction has ∆S°1 3 ≈ 0 and when the entropies of solvation are comparable (eq 16). A few entropies for HAT reactions have been reported for organic molecules in solution, which support this assumption, ∆S°1 3 (solution) ≈ 0. For example, the reaction between galvinoxyl radical and 2,4,6-tri-tert-butylphenol is thermodynamically uphill (∆G°) 2.6 kcal mol -1 ) in toluene and has ∆S°) -0.7 ( 0.6 cal mol -1 K -1 . 46 The related hydrogen atom transfer between the R-tocopherol radical and phenothiazine has ∆S°) -1.2 ( 3.0 in benzene. 47 A. Translational Entropy: 1. Molecularity. For a bimolecular reaction, -30 cal mol -1 K -1 would be a typical entropy of activation, ∆S q . 35 This is due to the loss of translational entropy required to bring two freely diffusing reactants together. A similar value of the ground-state entropy, ∆S°, would be expected for a reaction where two separate reactants combine to form one product. For reactions 5 and 6, however, a number of lines of evidence indicate that there are equal numbers of reactants and products. The reactions obey simple second-order kinetics under the conditions where the ∆S°is determined, showing saturation kinetics only at high [TEMPO-H] . Similar values for ∆S°5 and ∆S°6 are found for both system measurements despite the difference in K 8A , 3.1 and 57 M -1 for eqs 5 and 6, respectively. If there were a change in the number of molecules during the reaction, the position of equilibrium would be a function of concentration, but no such dependence is observed in static experiments (cf. Figure 5 ). Thus, a change in translation entropy between the reactants and products is not the origin of the large |∆S°|.
2. Ion Pairing. The iron reagents in eqs 5 and 6 are charged and, therefore, have counterions that could be ion-paired to different extents under different conditions. A change in the ion pairing between reactants and products could also cause a change in the molecularity of the reactions and, therefore, the reaction entropy. However, there is no ionic strength dependence in MeCN over 4 orders of magnitude in I. In addition, the same entropy change, within error, is observed for eq 5 in both MeCN and CH 2 Cl 2 , although ion pairing is much stronger in the latter solvent.
3. Solvent Effects/Hydrogen Bonding. Different solvation of the reactants and products is another possible source of the observed ground-state entropy change. Nonspecific solvation (46) 
of charged ions involves the organization of polar solvent molecules and has significant entropic effects. In reactions 5 and 6, the iron reactants (Fe II (H 2 L)) and products (Fe III (HL)) have the same 2+ charge and are almost the same size (despite the change in d (Fe-N) of ∼0.1 Å); therefore, their solvation (and ion pairing) should be very similar. In general, for reactions that involve only transfer of a neutral H atom, there are likely to be only very small changes in nonspecific solvation.
There could, however, be significant changes in the interactions of the reactants with particular solvent molecules, for instance, different hydrogen bonding. Reactions of phenols show very large kinetic solvent effects because of the ArO-H‚‚‚ solvent hydrogen bond, which is not present at the transition state. 49 In the absence of hydrogen-bonding effects, HAT reactions are often insensitive to solvent; the rate constants for cumyloxyl radical plus cyclohexane are the same, within 10%, in CCl 4 , C 6 H 6 , t BuOH, MeCN, and AcOH. 50 Reactions 5 and 6 are almost this insensitive to solvent. The equilibrium constants increase by only a factor of ∼3 (∆∆G°≈ 0.6 kcal mol -1 ) upon switching from MeCN to CH 2 Cl 2 (for K 5 ) or from MeCN to acetone (for K 6 ). The same ground-state entropy changes are observed in all of the solvents, within experimental error (Table  4) . MeCN, acetone, and CH 2 Cl 2 have quite different polarities (dielectric constants of 37.5, 20.7, and 8.9 respectively 51 ); therefore, differential nonspecific solvation is not important to these reactions. Changes in hydrogen bonding are also not significant since CH 2 Cl 2 is a much poorer hydrogen-bond acceptor than acetone or MeCN (with 2 H (s) values of 0.05, 0.49, and 0.44, respectively in the Abraham scale favored for phenol reactions.) 49, 52 None of these solvents is a good hydrogen-bond donor.
In summation, the large magnitude of the entropies for reactions 5 and 6 are not due to translational entropy from different numbers of reactant and product molecules nor is it due to different amounts of ion pairing or solvent effects. Since organic HAT half-reactions have not been observed to have large entropies, the unusual ∆S°for these reactions is very likely a property of the iron redox couples (the iron HAT half-reactions).
4. Iron Spin Equilibria. In our preliminary report of reaction 5 and its analysis with Marcus Theory, we speculated that the large |∆S°| could be due to high-spin/low-spin equilibria for Fe II (H 2 bip) and Fe III (Hbip). 16 Both of these compounds are mixtures of high-and low-spin forms over the accessible temperature range in MeCN solution. Fe II (H 2 bip) in MeCN at 298 K is 88% high-spin and 12% low-spin, and spin interconversion has ∆H°s pin ) -5.1 ( 0.5 kcal mol -1 and ∆S°s pin ) -21 ( 2 cal mol -1 K -1 . 25 Fe III (Hbip) is 16% high-spin and 84% low-spin in MeCN at 298 K, with ∆H°s pin ) -1.9 ( 0.7 kcal mol -1 and ∆S°s pin ) -3 ( 2 cal mol -1 K -1 (at 298 K). 25 Measurements of reaction 6 were done to test this hypothesis because Fe II (H 2 bim) and Fe III (Hbim) are fully high-spin under all of our conditions. The result that the same large entropy change is observed for both the H 2 bip and H 2 bim systems rules out spin equilibria as the cause of the ∆S°.
5. Vibrational Entropy of the Iron Complexes. While spin equilibria are not the origin of the ∆S°≈ -30 cal mol -1 K -1 for reactions 5 and 6, it is interesting that there is a similar entropy change for the high-spin to low-spin transition for Fe II (H 2 bip), -21 cal mol -1 K -1 . 25 Such large spin-change entropies are common for iron(II) compounds and are due primarily to vibrational entropy (∆S°v ib ). 28, 54 The solvation and ion-pairing properties are very similar for high-versus lowspin ions, and the electronic contribution to the entropy (∆S°e lec ) is small. In the absence of spin-orbit coupling, conversion of a 5 T 2g state to a 1 A 1g state has ∆S°e lec ) -5.4 cal mol -1 K -1 . 53 Vibrational entropy (∆S°v ib ) has been extensively discussed both for spin equilibria 28,54 and for electron-transfer couples. 55, 56 Sorai and Seki were the first to connect changes in metalligand vibrations with entropies for spin crossover that were substantially larger than the electronic entropy from the change in spin multiplicities. 57 As illustrated by Richardson and Sharpe (for harmonic vibrations), 55 the major contributors are skeletal vibrations at low energy (≈kT, 207 cm -1 at 298 K) that change frequency between reactions and products. Our calculations on eq 12, a model for reaction 6, follow this general pattern. There are approximately 30 vibrations in both the reactant and the product that contribute between 0.5 and 6 cal mol -1 K -1 to ∆S°1 2 . These are low-frequency (207-330 cm -1 ) torsion and bending modes. Summing over all of the vibrational modes, the difference between the reactants and products gives ∆S°1 2 ) -18.4 cal mol -1 K -1 from the UHF/6-31G* calculations, reasonable agreement given that the calculations were done at a moderate level of theory (UHF) on a model system in the gas phase. In essence, the Fe II complex is floppier and has more lower frequency modes as compared to those of the Fe III complex.
The Fe III (H 2 bim) f Fe II (H 2 bim) electron-transfer couple shows a similarly large entropy of ∆S°F e(H2bim)/ET ) 29 ( 3 cal mol -1 K -1 , as determined from the solution ET equilibrium between Fe III (H 2 bim) and CpCp*Fe. This value is the same, within error, as the ∆S°measured for the overall HAT reactions in eqs 5 and 6 (the sign of ∆S°F e(H2bim)/ET is opposite to that of ∆S°5 and ∆S°6 because ET reactions are written as reductions by convention). The close numerical agreement between HAT and ET entropies is, in part, fortuitous since the ET reaction involves changes in overall charge and, therefore, solvation. Electron-transfer half-reaction entropies for Fe III /Fe II redox couples are typically found to be 15-30 cal mol -1 K -1 in organic solvents (excepting those with an accompanying spin change). 55, 56 For example, ∆S°E T for low-spin [Fe{B(pz) 
tetrakis(pyrazol-1-yl)borate). 56a As emphasized for [M(OH 2 ) 6 ] 3+/2+ ions in aqueous solution, hydrogen bonding can increase half-reaction entropies, but for larger cations in organic solvents, the differences in solvation are small, and ∆S°E T is dominated by ∆S°v ib . 55 While these electron-transfer reactions are not directly comparable to our HAT reactions because ET involves a change in charge, the parallel is clear. The Fe III complexes are more rigid and have fewer low-frequency vibrational modes than Fe II , analogues for both ET and HAT. The large ET entropies support the conclusion that there are substantial vibrational entropy changes for the Fe III /Fe II couples in this system and that ∆S°5 and ∆S°6 deviate from zero because of the entropy of the iron HAT half-reactions.
III. Broader Implications. A. Generality of S°(AH) * S°(A • ). The entropy assumption S°(AH) ≈ S°(A • ) (eq 15) appears to hold for organic molecules. This is based on the gasphase data in Table 5 and on well-benchmarked solution studies with a wide range of organic compounds. [20] [21] [22] This assumption fails for the iron complexes due to their large number of lowfrequency vibrational modes that change upon oxidation or reduction by HAT. It appears that organic compounds have fewer low-frequency modes (ν ≈ kT) and/or that few of these modes change substantially upon gain/loss of H • , perhaps due to more localized covalent bonding in organic species compared to more dative bonding in coordination complexes. More studies are needed to determine how general these large entropy changes are for coordination compounds. At the present time, we can only speculate that HAT entropy changes of vibrational origin should often parallel entropies for related electron-transfer halfreactions.
Large entropies are common for Fe III /Fe II redox couples and are smaller for second-and third-row transition metals, as in the Ru III /Ru II redox couples. 56e,j In general, half-reaction entropies will be large for cases where the orbital occupancy of strongly bonding or antibonding orbitals changes upon reduction of the metal center. This is most noticeable in cases where the spin state changes as well as the oxidation state, the classic example being low-spin Co III /high-spin Co II . 55 Sutin and Weaver have also shown that ∆S°for ET half-reactions is monotonic with the Marcus self-exchange reorganization energy, λ (a free energy parameter). 58 The inner-sphere component of the reorganization energy involves changes in equilibrium bond lengths. When the metal-ligand bonds become shorter and stronger, the whole complex becomes stiffer, shifting the more entropically relevant low-frequency modes. This is parallel to the vibrational entropy basis for HAT entropies advanced here. If this ET/HAT parallel holds, the ET reorganization energies 59 suggest that large entropy changes may be characteristic of many first-row transition-metal HAT couples. Even just considering Fe III /Fe II couples, there are a large number of systems in coordination chemistry and in biology where the importance of entropy needs to be evaluated. In contrast, large entropic changes do not appear to be characteristic of organometallic systems, such as metal-carbonyl hydrides. 23 Perhaps organometallic compounds resemble organic molecules in that the more covalent bonding leads to fewer low-frequency modes that are effected by changes in the metal oxidation state.
B. Bond Dissociation Enthalpies (BDEs) from pK a and E 1/2 Values. In recent years, many groups, including ours, have used thermochemical cycles to determine A-H bond dissociation enthalpies (BDEs) from measurements of acidity (pK a ) and redox potential (E 1/2 ). This approach was used early on by Wiberg, by Eberson, and by Breslow; 19 its popularity dates to its development and extensive use by Bordwell and coworkers. [20] [21] [22] [23] [24] One variation of the thermochemical approach is outlined in Scheme 2 and eq 17. The bond dissociation free energy (BDFE) of A-H is given by its oxidation potential (-E°[AH •+/0 ]), the acidity of the corresponding radical cation (pK a [AH +• ]), and the free energy to form a solvated hydrogen atom from the proton and electron in solution (-FE°[H +/• ]). An analogous cycle involving pK a [AH] and E°[A 0/-] is equivalent. Note that BDFE and BDE are used here as solution quantities, while by strict definition, they should involve only gas-phase species. Bordwell and others have used Scheme 2 and related cycles to provide gas-phase energetics, but this involves additional assumptions about solvation energies and is beyond the scope of this paper. 60 The pK a and E values are free energies measured in solution under a specific set of conditions (ideally the same conditions of solvent, temperature, electrolyte, ionic strength, etc.). The nFE°(H +/• ) term, while specific to these conditions and reference electrode, is valid for all A-H compounds and is, therefore, termed a constant, C G (the G implying free energy). However, such cycles are typically used to derive enthalpies (BDEs). The BDE is the BDFE plus the entropy change (eq 18 62 When S°(AH) ≈ S°(A • ), C. Implications for Rate/Driving Force Correlations for HAT Reactions. The Bell-Evans-Polanyi correlation of activation energies with enthalpic driving force (eq 2) has been a cornerstone of organic radical chemistry for almost 70 years. 1a The results described here suggest that it should be formulated in free energy terms rather than enthalpic ones, correlating ∆G q with ∆G°or logk with logK eq . We have previously described a number of correlations of logk with BDE for transition-metal HAT reactions, including those of Fe III (Hbim). 2, 6, 13, 14 It is now clear that these were, in effect, correlations with BDFEs because the bond energies were derived from pK a and E 1/2 values. The bond energies used in these correlations should all be reduced by 5 kcal mol -1 to actually be BDFEs, due to the difference between C G and C H (eq 20). This correction does not affect the quality of our previous correlations because it does not affect the relative BDFEs; it only shifts the absolute scale. However, because of the entropy issues discussed here, if the accurate BDEs for Fe II (H 2 L) [taking into account S°(Fe II (H 2 L)) -S°(Fe III (HL))] were used instead of the BDFEs, the correlations would not hold. Similarly, in our application of the Marcus cross relation to reactions of Fe III (Hbim) and Fe III (Hbip), the calculated equilibrium constants are accurate because they were derived from the pK a and E 1/2 values and the organic BDEs. 63 Most rate/driving force correlations in chemistry are linear free energy relations (LFERs) 64 rather than correlations with enthalpies; therefore, perhaps this result is not surprising. The long and varied success of the Polanyi relation is seen, in this light, as a special case, valid only when entropic effects are small. 11a Its success also supports the suggestion that entropic effects are minor for organic HAT reactions. In the more general case, for instance when metal complexes are involved, a free-energy-based approach such as Marcus Theory is more appropriate.
Conclusions
Hydrogen atom transfer (HAT) reactions from the iron complexes Fe II (H 2 bip) and Fe II (H 2 bim) to the organic radical TEMPO have large negative ground-state entropy changes, ∆S°) -30 ( 2 cal K -1 mo1 -1 for both. These values are determined from equilibrium constants as a function of temperature using the van't Hoff equation. The K eq 's have been determined by static experiments and from the ratio of forward and reverse bimolecular rate constants. They are independent of concentration and ionic strength, indicating that the large entropy changes are not due to a change in the number of particles (i.e., not due to translational entropy). Similar ∆S°v alues are observed in acetone and CH 2 Cl 2 , indicating that neither solvent effects nor hydrogen bonding are the origin of these entropy changes. The high-spin/low-spin equilibria of Fe II (H 2 bip) and Fe III (Hbip) are also not responsible. Computational studies and analogies with related electron-transfer and spin equilibria indicate that the primary contribution is from vibrational entropy. Many low-frequency vibrational modes shift to higher energy upon oxidation of Fe II to Fe III . A similar ∆S°i s also observed for the Fe III (H 2 bim)/Fe II (H 2 bim) electrontransfer half-reaction based on its reaction with CpCp*Fe.
The ∆S°) -30 ( 2 cal K -1 mo1 -1 is a substantial value, corresponding to T∆S°) -9 kcal mol -1 at 298 K (a change in K eq of 4 × 10 6 ). This large entropy change contradicts the common assumptions that ∆S°≈ 0 for HAT reactions and that, for a half-reaction, AH f A • + H • , ∆S°(AH) ≈ ∆S°(A • ). While the generality of this result is currently being explored, we conclude that analyses which use these entropy assumptions should be applied with care when metal complexes are involved. This includes the derivation of bond dissociation enthalpies (BDEs) from pK a and E 1/2 measurements via the Bordwell method and the correlation of rates with BDE. In both cases, it is more appropriate to use bond dissociation free energies (BDFE) rather than enthalpies.
Experimental Section
General Considerations. All manipulations were carried out under anaerobic conditions using standard high-vacuum line and nitrogen- 
filled glovebox techniques, unless otherwise noted. NMR spectra were acquired on Bruker Avance-500, DRX-499, Avance-300, or Avance-301 spectrometers. Static UV-visible spectra were obtained using a Hewlett-Packard 5483 spectrophotometer equipped with an eight-cell holder thermostated with a Thermo-Neslab RTE-740 waterbath. Spectra are reported as λmax, nm [ , M -1 cm
]. Air-sensitive samples were prepared in the glovebox, and their spectra were taken using either quartz cuvettes attached to Teflon-stoppered valves (Kontes) or injectable screw-capped cuvettes with silicone/PFTE septa (Spectrocell). Septa were replaced after each experiment. Rapid kinetic measurements were taken using an OLIS USA stopped-flow instrument equipped with the OLIS rapid-scanning monochromator and a UV-vis detector and thermostated by a Neslab RTE-111 waterbath.
Materials. Low water content CH3CN (<10 ppm H2O; Allied Signal/ Burdick and Jackson brand) was taken from a keg sparged with argon and dispensed through the glovebox. Deuterated solvents (Cambridge Isotopes Laboratories) were dried and stored in the glovebox. CD3CN was dried by stirring overnight with CaH2, vacuum transferring, stirring briefly (<1 h) over P2O5, vacuum transferring back over CaH2 for ca. 30 min, and then storing free of drying agent. Acetone was dried by stirring over CaSO4. CH2Cl2 was dried over CaH2 before use and stored in the glovebox freezer, wrapped in Al foil. Other solvents were dried using a Grubbs-type Seca Solvent System installed by GlassContour. 65 2,2,6,6-Tetramethyl-1-piperidinyloxy (TEMPO; Acros Organics and Aldrich) was sublimed at room temperature under static vacuum before use. n Bu4NClO4 (99% Acros) was recrystallized twice from boiling absolute EtOH and dried overnight under dynamic vacuum. 66 Triflic acid (99%) was purchased from Acros Organics and stored in the glovebox freezer. All other reagents were purchased from Aldrich and used as received.
Iron . Again following the method discussed in the preceding sections, a septumsealed cuvette was charged with 0.07 g (0.2 mmol) of Bu4NClO4, 2 mL of 2.0 mM Fe III (H2bim) (4.7 µmol), and 250 µL of 1.2 mM HOTf (0.3 µmol; added to remove trace Fe III (Hbim) 69 ). Once the cuvette was thermally equilibrated, aliquots of 7.4 mM CpCp*Fe (0-0.31 equiv) were added, and the formation of CpCp*Fe + at 740 nm was observed. Addition of Fe II (H2bim) (1.1 µmol, 0.23 equiv) shifted the equilibrium back toward CpCp*Fe. Data analysis was the same as that for Fe II (H2-bim) + TEMPO using the absorbance at 740 nm due to [CpCp*Fe] + , Figure S10 .
